Aquaporins are integral membrane proteins occurring in mammals, plants, and microorganisms, which serve as channels that permit the bidirectional passage of water through cellular membranes. Higher plants contain abundant levels of aquaporins in both the tonoplast and plasma membrane. Aquaporins contain six transmembrane segments with three surface loops located at the apoplastic face of the membrane and two loops at the cytosolic side. In this study, we probed the topology of plasma membrane aquaporins to determine the effects of divalent cations on aquaporin conformation, and to identify structural features that distinguish plasma membrane intrinsic proteins from tonoplast intrinsic proteins. Plasma membrane vesicles from storage tissue of Beta vulgaris L. were subjected to limited proteolysis, and proteolytic fragmentation patterns were detected using affinity-purified antibodies recognizing aquaporins of 31-kDa. In its native membraneassociated state, the 31-aquaporin band, PMIP31, was refractory to proteolysis by trypsin. However, mercuric compounds specifically induced a conformational change resulting in the exposure of a proteolytic cleavage site and formation of a unique 22-kDa proteolytic fragment (p22). N-terminal sequence analysis of p22 established its identity as an aquaporin-derived fragment. Topological studies using sealed right-side-out plasma membrane vesicles established that the proteolytic cleavage site is located at surface loop C, the second apoplastic loop, immediately preceding the sequence Gly-Gly-Gly-Ala-Asn. The Gly-Gly-Gly-Ala-Asn-X-X-X-XGly-Tyr motif of loop C and a 14 amino acid motif in apoplastic loop E, Thr-Gly-Ile/Thr-Asn-Pro-Ala-Arg-SerLeu/Phe-Gly-Ala-Ala-Ile/Val-Ile/Val-Phe/Tyr-Asn are completely conserved in all known higher plant aquaporins of plasma membrane origin and are not present in any of the known tonoplast intrinsic proteins. These results demonstrate that the two highly conserved plasma membrane intrinsic protein surface loops are structural features that clearly distinguish plasma membrane from tonoplast aquaporins.
Aquaporins are members of the MIP 1 superfamily that permit the entry and exit of water through biological membranes. MIPs are hydrophobic integral membrane proteins ranging in apparent size from 31 to 23 kDa (1) (2) (3) (4) (5) (6) . Each monomer contains six transmembrane segments arranged in the form of righttilted ␣-helices with both the N and C termini cytosolically oriented (7, 8) . In higher plants, MIPs are believed to be responsible for the maintenance of structural integrity, osmoregulation, and responses to water and salt stress (9 -12) . Plant aquaporin isoforms have been localized within various membrane systems including the tonoplast (13) (14) (15) (16) (17) (18) and the PM (11, 19 -25) with over a dozen differentially expressed aquaporin genes documented in Arabidopsis.
Based upon N-terminal and internal sequence analysis of polypeptides electroeluted from SDS gels, our laboratory has identified aquaporins of 31, 29, and 27 kDa in PM vesicles obtained from storage tissue of Beta vulgaris L. The two major aquaporin-containing species, referred to as PMIP31 and PMIP27, are the most abundant groups of polypeptides in these membranes and are prone to form disulfide-linked oligomeric species in the absence of DTT or other reducing agents (23) . Three PMIP cDNA clones, designated BPM1-3, have been isolated and sequenced (26) . To probe the topology and conformation of these PMIPs, highly specific affinity-purified polyclonal antibodies recognizing the 31-kDa and 27-kDa species have been generated (27) .
As part of this work, we sought to determine if divalent cations could influence the conformation of PM aquaporins. Upon subjecting the PM vesicles from Beta to in situ limited proteolysis with a panel of divalent cations, Hg 2ϩ was found to induce formation of a unique 22-kDa proteolytic fragment (p22). Mercurial compounds are known inhibitors of water transport in many members of the MIP family in plant (18, 21) and mammalian membrane systems (28 -32) . Site-directed mutagenesis studies indicated that Hg 2ϩ interacts with Cys-189 of erythrocyte membrane AQP1 and may inhibit aquaporin function by sterically occluding the pore formed by the native protein embedded within the membrane (33) . In plant systems, Cys-116 of ␥-TIP and Cys-118 of ␦-TIP from Arabidopsis have been correlated with Hg 2ϩ -sensitivity (18) . The predicted topology of ␥-and ␦-TIP places these cysteines proximal to the water pore as with Cys-189 of AQP1.
In this work, we demonstrate that exposure of a previously inaccessible proteolytic cleavage site of an aquaporin compo-nent of PMIP31 is the direct result of a Hg 2ϩ -induced conformational change. Based upon this effect, we were able to pinpoint the location of the proteolytic cleavage site and to establish the membrane topology of this aquaporin. Moreover, we identified two amino acid motifs that are highly conserved among the aquaporins localized at the PM of higher plants. The results are discussed in light of structural features that distinguish PM-and tonoplast-localized aquaporins.
EXPERIMENTAL PROCEDURES
Membrane Isolation-A microsomal membrane fraction was isolated from red beet (Beta vulgaris L.) storage tissue by differential centrifugation (27, 34, 35) . Carboxymethylated microsomal membranes were prepared by substitution of 5 mM IAA for DTT in homogenization buffers as described (36) . Sealed PM vesicle fractions free of tonoplast contamination were prepared by aqueous two-phase partitioning (37) .
Electrophoresis and Immunoblotting-SDS-PAGE was performed using 9 -18% gradient gels (38, 39) . Unless otherwise indicated, sample loading buffers contained 8 M urea, 4% SDS, 20% glycerol, 100 mM DTT (freshly added), and 100 mM Tris/HCl, pH 8. To prevent heat-induced aggregation of membrane proteins, samples were not heated prior to electrophoresis. Gels were stained with Pro-Blue ® followed by silver (Daiichi protocol; Integrated Separation Systems, Hyde Park, MA). Immunoblotting with development by enhanced chemiluminescence was conducted as described (27) . Transfer efficiencies of PM proteins to nitrocellulose generally ranged between 60 and 75%. PMIP31 antibodies were used at a dilution of 1:2,000.
Antibody Generation and Purification-Following SDS-PAGE of PM fractions, gel slices corresponding to PMIP31 were excised and suspended in 192 mM glycine, 0.1% SDS, 25 mM Tris, pH 7.5, and PMIP31 was recovered by electroelution. A mixture of electropurified protein and gel slices (ϳ100 g of protein) was used to immunize New Zealand White rabbits (Cocalico Biologicals, Reamstown, PA). Serum was screened and PMIP31 antibodies were blot-affinity-purified using nitrocellulose strips containing PMIP31 (40, 41) .
Limited Proteolysis of PM Vesicles-Protease digestions were performed essentially as described (27, 35) . Standard reaction mixtures were 120 l, and components were combined in 50 mM Tris/HCl, pH 7.5, as follows: PM vesicles (18 g) were equilibrated with digitonin and HgCl 2 or other cations (as indicated) and held at room temperature for 15 min. Reactions were initiated by addition of 4.8 g of trypsin (Sigma, T-8253) or Pronase E (Sigma, P-5147). Mixtures were held for 20 min at room temperature, and reactions were terminated by adding phenylmethylsulfonyl fluoride or soybean trypsin inhibitor (Sigma, T-9777) to 0.05%. Mixtures were diluted to 2 ml with 50 mM Tris/HCl, pH 7.5, and centrifuged at 40,000 ϫ g for 40 min. This wash was repeated to ensure removal of proteases and protease inhibitors that migrate in the range of 22 to 20 kDa. Membrane pellets were suspended in 100 l of 250 mM sucrose, 1 mM DTT, 1 mM EDTA, and 10 mM HEPES/NaOH, pH 7.2 (buffer A). Aliquots of 24 l were brought to 100 mM DTT, incubated for 15 min, combined with 24 l of sample buffer, and subjected to SDS-PAGE.
Sequence Analysis-Electropurified polypeptides were electrophoresed on 12% polyacrylamide gels in the absence of glycerol. The gels were equilibrated in 0.05% SDS and 10 mM CAPS; 30% methanol, pH 11, and polyvinylidine difluoride membranes were soaked in methanol for 15 min and rinsed with this buffer in the absence of SDS. Electrotransfer to polyvinylidine difluoride membranes was carried out at 80 V for 4 h, and polypeptides were visualized with 0.5% Ponceau S in 1% acetic acid. Polyvinylidine difluoride strips were used for sequencing. Approximately 130 pmol of PMIP31 and p22 were used for N-terminal sequencing (Arizona State University, Tempe, AZ), and 100 pmol of PMIP31 for internal sequencing (Harvard Microchemistry, Cambridge, MA).
RESULTS

Formation of a 22-kDa Hg
2ϩ -induced Proteolytic FragmentPolyclonal antibodies recognizing PMIP31 were generated and affinity-purified. The antibodies were highly specific and did not cross-react with the 29-kDa species that migrates just below PMIP31, with PMIP27, or with other PM proteins ( Fig.  1 ). Limited proteolysis using trypsin was performed to examine the effects of Hg 2ϩ and a range of other divalent cations on proteolytic fragmentation patterns of PMIP31 (Fig. 2) . In the complete absence of divalent cations, PMIP31 was refractory to proteolysis ( Fig. 2A, lane 2 versus lane 1) . Similarly, with Mn 2ϩ , Cd 2ϩ , and Cu 2ϩ , no novel proteolytic fragments were detected (Fig. 2, D-F) . Ca 2ϩ and Mg 2ϩ each produced a minor fragmentation band at 28 kDa (Fig. 2, B and C) . Hg 2ϩ , however, exerted the most striking effect where dose-dependent formation of a prominent 22-kDa proteolytic fragment (p22) was observed ( Fig. 2A) . p22 levels increased in intensity to about 3 mM Hg 2ϩ and then leveled off. Formation of p22 was also induced by Pronase E and by the addition of the organic mercurial compound p-hydroxymercuriphenylsulfonic acid. 2 To eliminate the possibility that Hg 2ϩ -induced proteolytic cleavage was due to an activation of or change in the specificity of trypsin or Pronase E, two control experiments were carried out. First, removal of soluble Hg 2ϩ by washing (Fig. 3 , lanes 3-5) or chelation (Fig. 3, lanes 8 -10) prior to the addition of protease did not prevent generation of p22. This finding demonstrates that formation of p22 was not due to direct activation of trypsin by exogenous Hg 2ϩ . In the second control, limited proteolysis mixtures were incubated with Hg 2ϩ in the absence of protease to exclude the possible activation of endogenous PM proteases. No proteolysis was observed under these conditions. These results are therefore consistent with a Hg 2ϩ -induced conformational change occurring in PMIP31.
Proteolysis Occurs at the Outer Face of the PM-PM fractions freshly prepared by aqueous two-phase partitioning contain predominantly sealed ROVs, as determined by measuring the latency of the PM marker enzyme callose synthase (37) . The freshly prepared vesicles used to determine the location of proteolytic cleavage exhibited a latency value of 94%. If p22 was generated using tightly sealed ROVs in the absence of detergent, this would be consistent with the occurrence of proteolysis at the outer face of the PM. Conversely, a requirement for detergent would indicate that proteolysis of PMIP31 was occurring at the cytosolic surface. Thus, the ROVs were subjected to trypsinization in the absence and presence of Hg 2ϩ and the detergent digitonin.
Without Hg 2ϩ , PMIP31 remained inaccessible to proteolysis in the absence of added detergent (Fig. 4, lanes 2 and 3) . On the other hand, when Hg 2ϩ was present, abundant levels of p22 were produced from these sealed vesicles (Fig. 4, lane 5) . Low levels of digitonin did not increase levels of p22 that were generated (Fig. 4, lane 6) , which is consistent with a proteolytic cleavage site located at the apoplastic face of the PM. In addition, these results provide evidence that generation of p22 is not merely a result of the exposure of inaccessible proteolytic sites on PMIP31 by detergent. The complete disappearance of both PMIP31 and p22 upon raising digitonin levels to 0.1% (Fig. 4, lanes 4 and 7) confirms that PMIP31 contains numerous transmembrane proteolytic cleavage sites, which only become accessible upon detergent disruption of the membrane (35) . Similar to PMIP31, the p22 proteolytic fragment could not be solubilized by Triton X-100 at levels to 1%, 2 indicating that p22 retains the hydrophobic properties of the parent protein.
Stabilization of p22 by Carboxymethylation-p22 was readily observable on immunoblots using enhanced chemiluminescence or colorimetric development with alkaline phosphatase, 2 however, the fragment was not clearly apparent on Coomassie Blue-or silver-stained gels. While investigating the effects of IAA and DTT on the formation of disulfide-linked oligomers of PMIP31 (36), the intensity and resolution of p22 on immunoblots was markedly enhanced using vesicles carboxymethylated with IAA during tissue homogenization. Therefore, formation of p22 from PM vesicles prepared in the absence and presence of IAA was compared (Fig. 5) . When IAA and DTT were eliminated from homogenization buffers, p22 levels were markedly reduced (Fig. 5A) . The inability to form p22 in PM vesicles isolated in the complete absence of sulfhydryl reagents indicates that the tryptic cleavage site is accessible only when the 31-kDa aquaporin giving rise to p22 is in a reduced monomeric state. Thus, Hg 2ϩ -induced p22 formation by trypsin requires inclusion of DTT (Figs. 2-4) or IAA (Fig.  5A ) during tissue disruption thereby minimizing formation of the disulfide-linked oligomeric species observed during initial characterizations of PMIP31 (23) .
Carboxymethylation with IAA did not adversely affect p22 formation, and most importantly, IAA treatment stabilized p22 from further proteolytic degradation. Consequently, p22 from carboxymethylated vesicles was readily visualized on silverstained gels (Fig. 5B) . Carboxymethylation was essential for obtaining sufficient quantities of p22 for N-terminal sequence analysis.
Location of the Proteolytic Cleavage Site and Identification of Conserved Domains-PMIP31
and p22 were electropurified, and each was subjected to N-terminal sequence analysis. In two separate sequencing runs from independently prepared samples, PMIP31 yielded the N-terminal fragment of Lys-GluVal-Ser-Glu-Glu-Ala-Gln-Val-His-Gln-His-Gly-Lys-Asp-TyrVal-Arg-Pro. In this sequence, 18 of the 19 residues correspond to the predicted gene product of the BPM2 cDNA clone (26) . Hydropathy analysis of BPM2 predicts six transmembrane segments with the N and C termini exposed to the cytosol (Fig. 6 ). This agrees with the predicted topology of known plant aquaporins (18) and with the recently determined three-dimensional structure of AQP1 (7, 8) .
The N-terminal sequence of p22 was Gly-Gly-Gly-Ala-AsnVal-Val-Asn-Val-Val-Asn-X-Gly, which corresponds to a range of predicted sequences found in loop C of PM-localized aquaporins (Fig. 7A) . Analysis of apoplastic loop C shows complete conservation of the Gly-Gly-Gly-Ala-Asn-X-X-X-X-Gly-Tyr motif in 12 of the 13 plant PM aquaporin cDNAs analyzed (Fig.  7A) (11, (21) (22) (23) 25) . The placement of this motif at an apoplastic surface loop is consistent with the results of the accessibility study conducted with ROVs (Fig. 4) . Loop B contains the first of two Asn-Pro-Ala domains common to all members of the aquaporin family (10) . BPM2 contains four cysteine residues (positions 69, 91, 127, and 132), each of which are located within transmembrane segments 2 or 3 in close proximity to the proteolytic cleavage site. It should be also noted that Arg-149, which is one amino acid removed from the Gly-Gly-Gly-Ala-Asn motif in PMIP31, serves as the putative trypsin recognition site. PMIP27, which contains the BPM3 gene product, does not contain Arg or Lys residues preceding the Gly-Gly-Gly-Ala-Asn motif; this would explain why PMIP27 does not form an analogous proteolytic fragmentation product in the presence of Hg 2ϩ . Further analysis revealed a second conserved motif that begins in transmembrane segment 5 and extends midway through surface loop E. This motif, defined as Thr-Gly-Ile/ThrAsn-Pro-Ala-Arg-Ser-Leu/Phe-Gly-Ala-Ala-Ile/Val-Ile/Val-Phe/ Tyr-Asn, exhibited complete identity in each of the 13 plant PM aquaporin genes examined and contains the second Asn-ProAla domain (Fig. 7B) . Similar to the Gly-Gly-Gly-Ala-Asn motif of surface loop C, the loop E motif is characterized by an Asn residue toward the C terminus of this domain. Other than the Asn-Pro-Ala motif, loop E of the PM aquaporins does not show any homology with the corresponding region of the TIPs. In general, surface loops C and E of the PM aquaporins are of shorter length in TIPs. No distinguishing motifs were found in surface loop A. This analysis shows that the highly conserved motifs of loops C and E are found exclusively in PM aquaporins and have not been found in any of the predicted sequences derived from the tonoplast-localized aquaporins (15, 18, 42) .
DISCUSSION
The need for direct structural analysis of plant aquaporins prompted us to investigate aquaporin conformation and topology in sealed PM vesicles using limited proteolysis. Membraneassociated aquaporins lie within the hydrophobic core of the PM and are generally resistant to proteolysis. However, addition of Hg 2ϩ led to exposure of a previously inaccessible proteolytic cleavage site immediately preceding the Gly-Gly-GlyAla-Asn motif of apoplastic loop C located proximal to conserved cysteine residues, which comprise the putative Hg 2ϩ -binding site of plant aquaporins (18) . Localization of the proteolytic cleavage site at loop C prompted us to analyze the surface loops of plant-derived PM and tonoplast-localized aquaporins. This analysis resulted in the identification of motifs in surface loops C and E, which are common to aquaporins localized at the PM. These results are also of interest because Hg 2ϩ is known to reversibly inhibit water transport of numerous animal and plant aquaporins expressed in Xenopus oocytes (18, 21, 33, 43) . We consequently hypothesized that the widely observed inhibitory effect of Hg 2ϩ on water permeability in oocyte expression systems could be due in part to a Hg 2ϩ -induced conformational change.
Divalent cation-induced alterations of proteolytic fragmentation patterns are generally indicative of major shifts in the conformational state of a polypeptide, and as a result, limited proteolysis has become a widely employed approach for probing the topology of membrane proteins (44 -47) . The Hg 2ϩ -induced conformational change observed in PMIP31 is consistent with these results. On the other hand, PMIP27 resisted proteolysis, 2 and new fragments were not formed upon exposure to Hg 2ϩ . PMIP27 most closely aligns with BPM3, which unlike BPM2 does not contain a positively charged trypsin recognition site preceding the Gly-Gly-Gly-Ala-Asn motif. Hg 2ϩ -induced conformational changes were not detected in AQP1. Studies of the secondary structure of purified and reconstituted AQP1 by FIG. 6 . PMIP31 topology. This model is based upon hydropathy analysis (51) of BPM2 (26) and the topological information provided by this study. The Gly-GlyGly-Ala-Asn motif and the proteolytic cleavage site at apoplastic loop C is indicated. The Thr-Gly-Ile/Thr-Asn-Pro-AlaArg-Ser-Leu/Phe-Gly-Ala-Ala-Ile/Val-Ile/ Val-Phe/Tyr-Asn motif located within apoplastic loop E is also noted. Conserved cysteine residues within transmembrane segments 2 and 3 and the Asn-Pro-Ala sequence within cytosolic loop B are shown. circular dichroism (48) and fluorescence quenching of tryptophan (49) did not reveal significant Hg 2ϩ -induced spectral changes, indicating that AQP1 conformation was not significantly affected by Hg 2ϩ under these conditions. Our sequence alignments and biochemical characterization indicate that the varying range of proteolytic fragmentation profiles observed in different aquaporins in response to Hg 2ϩ could be related to several factors, which could include the absence of exposed proteolytic recognition sites, the extent to which these sites are embedded within the hydrophobic core of the membrane, or to the degree of oligomerization.
Prior to the sequence analysis reported in this study, it was not known whether PMIP31 contained a single protein or was heterogeneous. Based upon the cumulative data, PMIP31 may be a composite of several aquaporin isoforms. Two observations are consistent with this notion. First, in the majority of experiments, the appearance of p22 did not closely correlate with the disappearance of PMIP31. The second line of evidence is based upon amino acid sequence analysis. Multiple trials of N-terminal sequence analysis of the electroeluted 31-kDa species provided unambiguous proof that PMIP31 contains the BPM2 gene product. However, the results of earlier internal sequence analysis (23) revealed the tryptic peptide Leu-Gly-Ala-Asp-LysTyr-Pro-Asn-Arg-Gln-Pro-Leu-Gly-Thr-Ser-Val-Gln-Thr-Arg. This peptide shows close homology to a region of pTOM75 (20) , pea clone 7a (50) and PIP2b (21) beginning at residues 10 -11 but does not closely match any sequence located near the N terminus of BPM2. The PMIP31 isoform containing this sequence could be blocked at the N terminus, because N-terminal analysis did not indicate any peptides with overlapping sequences.
The origin and properties of p22 remain to be established. This peptide was difficult to isolate, but with carboxymethylation sufficient amounts for sequence analysis were recovered. Six of its ten residues identified at the N terminus of p22 (Gly-Gly-Gly-Ala-Asn-X-X-X-X-Gly) corresponded to the BPM clones and a broad range of other PMIPs (Fig. 7A) . Whereas this information clearly established that p22 comes from a PMIP, this limited sequence is not sufficiently detailed to match this fragment with any of the known PMIP cDNA clones from Beta. The existence of only one antigenic proteolytic fragment following trypsinization in the presence of Hg 2ϩ indicates that the N-terminal half of the parent PMIP may lack antigenicity. Alternatively, the N-terminal fragment of the parent polypeptide may be degraded into smaller fragments not retained by the gel, or p22 could contain both halves of the protein with one of the N termini blocked. We were unable to discern between these possibilities. We also note that p22 migrates anomalously in SDS gels, as do the disulfide-linked oligomers of PMIPs 31 and 27 (23) . Based upon the position of the proteolytic cleavage site, this fragment would be predicted to migrate at a lower apparent molecular mass. The introduction of Hg 2ϩ -induced cross-links could be partly responsible for this shift in electrophoretic mobility.
This study identified structural features distinguishing PM from tonoplast-localized aquaporins in higher plants. Analysis of the 22-kDa Hg 2ϩ -induced proteolytic fragment revealed that the Gly-Gly-Gly-Ala-Asn motif of apoplastic loop C is conserved in a wide range of plant PM aquaporins. Similarly, apoplastic loop E contains the motif Thr-Gly-Ile/Thr-Asn-Pro-Ala-ArgSer-Leu/Phe-Gly-Ala-Ala-Ile/Val-Ile/Val-Phe/Thr-Asn, which is also highly conserved in plant PM aquaporins. The contiguous sections of both motifs terminate with an Asn residue. Since neither motif is present in tonoplast-localized aquaporins, either or both of these sequences may represent a recognition signal for targeting or docking of aquaporin-containing vesicles. This would provide a mechanism for the sorting of PMlocalized aquaporins as they are secreted through the endomembrane system of the cell.
